Abstract An estimated 240 million people worldwide suffer from migraines. Because migraines are often debilitating, understanding the mechanisms that trigger them is crucial for effective prevention and treatment. Synoptic air mass types and emergency department (ED) visits for migraine headaches were examined over a 7-year period within a major metropolitan area of North Carolina to identify potential relationships between large-scale meteorological conditions and the incidence of migraine headaches. Barometric pressure changes associated with transitional air masses, or changing weather patterns, were also analyzed for potential relationships. Bootstrapping analysis revealed that tropical air masses (moist and dry) resulted in the greatest number of migraine ED visits over the study period, whereas polar air masses led to fewer. Moist polar air masses in particular were found to correspond with the fewest number of migraine ED visits. On transitional air mass days, the number of migraine ED visits fell between those of tropical air mass days and polar air mass days. Transitional days characterized by pressure increases exhibited a greater number of migraine ED visits than days characterized by pressure decreases. However, no relationship was found between migraine ED visits and the magnitude of barometric pressure changes associated with transitional air masses.
Introduction
Head pain plagues many around the world. In the USA alone, 45 million people each year seek medical attention for head pain (Luciani 2015) . Many of these head pain cases are diagnosed as a migraine. Migraines are a common form of headache that causes sufferers to experience head pain, sensitivity to light, nausea, visual disturbances, and other neurological symptoms. Research indicates that roughly 9% of the US population suffers from migraines (Loftland 2007) . People who suffer from migraines, known as Bmigraineurs,^can have their daily lives altered significantly due to their disabling effects.
Migraines can cause a person to be inactive for hours at a time, which can be very detrimental to productivity. Thus, the economic impacts of migraines are thought to be large. Clarke et al. (1996) examined the impact of migraines on the economy of the United Kingdom using an anonymous, selfadministered questionnaire. Those respondents identified as migraineurs reported on average two work days missed per year as a result of migraines. Along with full days missed, migraineurs also reported on average 5.5 days per year lost due to reduced effectiveness at work. In total, lost productivity from those respondents associated with the Trust Hospital used for the study was estimated at over £50,000 (US$75,000) per year (Clarke et al. 1996) . Similar costs have been noted in other regions of the world. For example, it is estimated that migraines cost US employers approximately $13 billion per year (Loftland 2007) .
Due to the disabling nature and economic costs of migraines, it is important to understand what triggers them. Understanding potential triggers of migraines and other head pains is important because it allows individuals to avoid triggering conditions and to take other preventative measures. Many different triggers are thought to cause the onset of a migraine. Some triggers include diet, lack of sleep, stress, and physical stimuli. According to medical professionals, weather variations are one of the physical stimuli potentially responsible for migraine onset (University of Maryland Medical Center), and clinical studies suggest that weather may be an important triggering mechanism for migraines (Kelman 2007; Wang et al. 2013) . Since the 1970s, research has been conducted to determine specifically how weather affects migraine frequency (Martin et al. 2013; Villeneuve et al. 2006; Osterman et al. 1980; Mukamal et al. 2009; Zebenholzer et al. 2011; Cull 2005; Kimoto et al. 2011; Ozeki et al. 2014; Yilmaz et al. 2015; Hoffmann et al. 2014; Scheidt et al. 2013) . Such studies have compared various meteorological variables, such as barometric pressure, temperature, humidity, cloud cover and opacity, precipitation type, and the occurrence of lightning, to the incidence and frequency of migraine headaches. Collectively, these studies fail to establish consistent relationships between specific weather variables and head pain or migraine frequency (Table 1) .
In addition to examining the bivariate relationships between migraine incidence and meteorological variables, other studies have focused on broader weather patterns in relation to migraine frequency. Using headache diaries, Yang et al. (2011) found that changes in weather, particularly cold frontal passages during the winter season, were identified as a triggering mechanism for migraines. Specifically, the increase in temperature and clear-sky conditions that typically occur following the passage of a cold front were noted as factors affecting the onset of migraine headache (Yang et al. 2011) . Another weather feature that has been tied to the occurrence of migraines is the chinook wind, which is a strong, downsloping wind that can cause dramatic increases in temperature over short periods of time. Two separate studies in Calgary, Canada, where chinook winds are common, found that the number of migraines increased on days when these wind events occurred (Piorecky et al. 1997; Cooke et al. 2000) .
Whereas chinook winds represent a locally specific weather phenomenon, larger synoptic-scale weather features encompassing multiple meteorological variables may also affect migraine frequency. This method, known as a synoptic climatological or air mass approach, has been adopted in numerous environmental and human health studies (Hondula et al. 2014) ; however, to our knowledge, it has not been applied specifically to the study of migraines. An Bair mass^is defined as Ba large body of air that has similar horizontal temperature and moisture characteristics^(National Oceanic and Atmospheric Administration). Therefore, at any given time, the air mass present at a location can be determined based on temperature and moisture observations for the current weather relative to long-term climatological averages. These large volumes of air have distinct weather conditions associated with them. One common air mass classification scheme is the Spatial Synoptic Classification (SSC) (Sheridan 2002) . The SSC characterizes the daily surface weather at various locations around the world into one of six weather types (similar to air masses), as well as a transitional category that represents a shift during that day from one air mass type to another, as might occur with a frontal passage (Sheridan 2002) . The goal of this study is to determine if SSC weather types (or air mass types) are a trigger for daily increases in migraine headache frequencies.
In this study, the relationship between SSC air mass type and the occurrence of migraine headaches was examined across three counties in central North Carolina (i.e., the Triangle region encompassing Orange, Durham, and Wake counties). The frequency of migraine headaches in these counties was assessed using daily emergency department (ED) data obtained from the North Carolina Disease Event Tracking and Epidemiologic Collection Tool (NC DETECT) for the years 2007-2013. Corresponding SSC air mass types were obtained for the first-order weather station at the nearby Raleigh-Durham International Airport. The specific objectives of this research were to (1) determine if there is a relationship between air mass type and the frequency of ED visits with a primary diagnosis of migraine headache and (2) determine if the frequency of these ED visits is related to the direction (sign) and magnitude of pressure change associated with the transitional SSC category.
Data and methods

Study region and study period
The study region is comprised of Durham County, Orange County, and Wake County, North Carolina (Fig. 1) . These counties comprise one of the most populated regions of North Carolina. In central North Carolina, a variety of air mass types typically occur throughout a given year. This is mainly due to the region's mid-latitude location, where air masses of polar (cold), tropical (warm), continental (dry), and maritime (moist) origins often intersect. The study period spans 7 years from January 1, 2007 to December 31, 2013. This period was chosen based on the availability of migraine data described below.
Migraine frequency data
Daily migraine frequency was determined from the number of emergency department (ED) visits with a primary diagnosis of a migraine. Daily records of ED visits across the selected North Carolina counties for the period 2007-2013 were acquired from the North Carolina Disease Event Tracking and Epidemiologic Collection Tool (NC DETECT). NC DETECT is a web-based, public health surveillance system developed and maintained by the Carolina Center for Health Informatics at the University of North Carolina at Chapel Hill, in collaboration with the North Carolina Department of Health and Human Services (The North Carolina Event Tracking and Epidemiological Collection Tool). Using the International Classification of Diseases, 9th Revision, Clinical Modification (ICD-9-CM) codes, patients with a primary diagnosis of a migraine (346.xx) were identified. Sub-codes of migraines include migraine with aura (346.0), migraine without aura (346.1), variants of migraine not elsewhere classified (346.2), hemiplegic migraine (346.3), menstrual migraine (346.4), persistent migraine aura without cerebral infarction (346.5), persistent migraine aura with cerebral infarction 
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ED Visits (346.6), chronic migraine without aura (345.7), other forms of migraine (346.8), and migraine unspecified (346.9). All subcodes of migraine were included in this study, including menstrual migraines, which only accounted for 3% of the total migraines in the dataset.
Air mass data
The Spatial Synoptic Classification (SSC) was used to identify daily air mass type. The SSC is a hybrid classification scheme that utilizes both automated and manual processes (Sheridan 2002) . The SSC first identifies weather type manually based on climatological knowledge using long-term means for a given location. As the character associated with these weather types changes from season to season, typical days in each type, known as Bseed days,^are picked for different times of the year. Then, algorithms develop hypothetical seed days for each day of the year. Actual conditions on each day, as determined from hourly weather observations, are then compared to the seed days. This allows a day to be classified based on the weather type it most closely resembles (Spatial Synoptic Classification). The Raleigh-Durham International Airport (RDU) in Morrisville, North Carolina was used as the base location for the air mass classification due to its central location in the study region along with Durham-Wake County border. Using the SSC, air mass types were determined for each day of the study period using the selected weather station code. For details on the SSC classification procedure, see Sheridan (2002) . The SSC air mass types include dry polar (DP), moist polar (MP), dry tropical (DT), moist tropical (MT), dry moderate (DM), moist moderate (MM), and transitional (TR). Many of these classification types mirror the classic air mass types developed by the Bergen School of Meteorology in the 1920s (Sheridan 2002) . DP classifications are synonymous with continental polar air masses. These air masses are typically advected from cold, polar regions. They are associated with clear, dry conditions that tend to produce the lowest temperatures observed in a region for a particular time of the year (Spatial Synoptic Classification). A MP classification is representative of a maritime polar air mass. These air masses can be the result of frontal overrunning or can be advected inland from a cool ocean. These air masses lead to cool, cloudy, and humid conditions (Spatial Synoptic Classification). DT classifications are similar to continental tropical air masses. These air masses can be advected from desert regions or produced by rapidly descending air. The hottest and driest conditions found at any location are typically associated with these air masses (Spatial Synoptic Classification). MT classifications are analogous to maritime tropical air masses. They are often found in the warm sector of mid-latitude cyclones, but can also be found in a return flow on the western side of an anticyclone. Warm and humid conditions are found with these air masses, which increase in frequency during the summer months, particularly in southern locations (Spatial Synoptic Classification). A DM classification does not have a traditional air mass analog. This classification type is found with zonal (west-east) flow in the mid-latitudes, especially in the lee of mountain ranges. Additionally, they can occur when air masses are advected far away from their source regions and their initial temperature and humidity conditions are modified. Mild and dry conditions are associated with this type of classification (Spatial Synoptic Classification). MM is another classification without a traditional analog. This classification type is typically found equatorward of MP air masses. They can occur when cloudy conditions suppress the temperature of a traditional MT air mass. Mild and humid conditions are typically found with this classification type (Spatial Synoptic Classification). Lastly, transitional (TR) days are classified as days where one air mass type yields to another. Air mass transitions are typically associated with frontal passages (Hondula and Davis 2011) , which often result in changes in temperature, pressure, dew point, and wind over the course of the day (Spatial Synoptic Classification).
Data organization
The statistical software program R was used to complete the objectives of this study (the R Project for Statistical Computing). To identify a potential relationship between air mass type and migraine frequency, data vectors were created for each air mass type. Each value in the vector represented the number of migraine ED visits across the study area during a day with a particular air mass type. The mean of a vector represented the average number of daily migraine ED visits for an air mass type. To determine how pressure changes associated with TR air masses relate to migraine frequency, data vectors were created for TR air mass days that exhibited an increase in barometric pressure between 4 a.m. and 10 p.m. local standard time (LST) and for days that exhibited a decrease in barometric pressure during this time. Each value in the vector represented the number of migraine ED visits across the study area on a day with a TR air mass.
Statistical methods
Chi-square (χ 2 ) tests determined that migraine ED visits were not normally distributed in all of the vectors. Based on the results of the χ 2 tests, bootstrapping was utilized for this study. Bootstrapping is a non-parametric technique that does not require datasets to be normally distributed or to have the same distribution. Bootstrapping uses resampling, with replacement, to generate quantile values for statistical measurements, such as the mean. Based on vector sizes, quantile values in this study were generated by resampling the data 2,000 times.
Bootstrapping was first used to determine if statistically significant differences existed between the mean numbers of daily migraine ED visits for each air mass type. Ninety-five percent bootstrap confidence intervals of mean daily migraine ED visits for each of the air mass types were created. The null hypothesis in this case, and for all subsequent tests, was that the means were equal, while the alternative hypothesis was that the means were not equal. The null hypothesis was rejected in cases when the confidence intervals did not include the mean. Additionally, standard deviation bootstraps were calculated to compare the variability in daily migraine ED visits between the different air mass types. Bootstraps and 95% confidence intervals were also created to identify potential lag relationships between air mass type and migraine frequency. One-to 5-day lags were examined in which the daily number of migraine ED visits were compared to the air mass type that occurred 1 to 5 days prior.
Bootstrapping was used to determine if a statistically significant difference existed between the average number of daily migraine ED visits during TR air mass days with a positive (i.e., increasing) 4 a.m. to 10 p.m. pressure change and TR air mass days with a negative (i.e., decreasing) 4 a.m. to 10 p.m. pressure change. Positive pressure changes on TR air mass days are usually indicative of a cold frontal passage, while negative pressure changes typically signify an approaching low pressure system or warm frontal passage. Ninety-five percent bootstrap confidence intervals of mean daily migraine ED visits for both positive and negative pressure change days were created. The confidence intervals were compared in order to see if the null hypothesis (i.e., the means were not equal) could be rejected. Lastly, Pearson correlation coefficients were calculated to determine if there was a relationship between the magnitude of the pressure change (positive and negative) on TR days and the frequency of migraine ED visits.
Results
Data characteristics
A total of 16,930 ED visits for migraine were recorded across the three counties from 2007 to 2013. Of these visits, 4,640 were from Durham County, 1,451 were from Orange County, and 10,839 were from Wake County. ED visits were separated into 12 mutually exclusive age groups. Population estimates from the 2010 US Census were used to calculate per-capita rates of ED visits by each age group. The highest rates of ED visits for migraines were found between the ages of 25 and 54, while the lowest rates were found among those under 18 and over 74 (Fig. 2) . The vast majority (over 80%) of ED visits for migraine were female (Fig. 3) . The monthly rate of ED visits for migraine reveals no discernible seasonal pattern (Fig. 4) , while the day-of-week distribution shows a slight decrease on the weekend compared to weekday, with the lowest rates occurring on Friday (Fig. 5) .
Bootstrapping results
The mean number of ED visits varies significantly as a function of air mass type (Table 2 and Fig. 6 ). Because these relationships were consistent among the three counties examined, the results presented here are for the entire study area (all three counties combined). The most notable differences in migraine ED visits were found between polar air masses and tropical air masses. In particular, both dry polar (DP) and moist polar (MP) air masses exhibited statistically fewer ED visits for migraine compared to tropical air masses (DT and MT) . Of all the air mass types, moist tropical (MT) air masses were associated with the highest number of ED visits for migraine, while MP air masses were associated with the fewest visits. Additionally, days with Moderate air masses (DM and MM) exhibited a statistically greater frequency of ED visits for migraine than days with polar air masses. The confidence interval for TR air masses fell between those of tropical and polar air masses. Examination of the standard deviation bootstraps (Fig. 7) reveals little difference in the variability of ED visits for migraine across the different air mass types. Figure 8 shows the bootstrap confidence intervals for each air mass type and lag period. In general, the confidence intervals show that 1-to 5-day lags have similar relationships to those on the day of the ED visit. Specifically, the number of ED visits for migraine is greater 1 to 5 days after a tropical air mass than after a polar air mass, while the fewest number of visits occurred 1 to 5 days following a moist polar air mass. Within TR air mass days, the mean number of ED visits for migraine was higher on days with pressure increases than on days with pressure decreases (Fig. 9) ; however, these differences were not statistically significant.
Correlation results
In addition to examining a potential relationship between the sign or direction of pressure change and the frequency of ED visits for migraine, Pearson correlation coefficients were calculated to determine if a relationship existed between the magnitude of the pressure change on TR days and the frequency of ED visits for migraine. The results of these tests revealed a weak relationship between the magnitude of the pressure change and the frequency of ED visits for migraine for both pressure increases and decreases. The correlation coefficient on transitional days where the barometric pressure increased between 4 a.m. and 10 p.m. LST was − 0.24, indicating that as the increase in barometric pressure became larger, the frequency of ED visits for migraine decreased. On transitional days where the barometric pressure decreased, the correlation coefficient was 0.21, indicating that as the decrease in barometric pressure became stronger, the frequency of ED visits for migraine also decreased. The lack of a strong relationship between the magnitude of pressure change and the frequency of ED visits for migraine is further revealed through a simple scatterplot of the two variables (Fig. 10) .
Discussion
Statistically significant differences in ED migraine visits between air mass types were identified. Tropical (i.e., warmer) air masses generally resulted in the highest frequency of ED visits, whereas polar (i.e., colder) air masses resulted in the lowest frequency. While MT air masses exhibited the highest frequency of ED visits, DT air masses also exhibited a high frequency of visits compared to the other air mass types. This result is somewhat consistent with other studies (Piorecky et al. 1997; Cooke et al. 2000) , noting that warm and dry chinook winds were associated with higher migraine frequencies in Calgary, Canada.
Most research on weather-migraine relationships has found changes in barometric pressure to be the most common meteorological trigger of migraine occurrence (Table 1) . Therefore, it was expected that the TR air mass type, which is defined in part by changes in barometric pressure, would exhibit the strongest relationship with migraine frequency. Our results revealed a greater number of ED visits on TR days with pressure increases than on TR days with pressure decreases, which support the notion that an area of high pressure (i.e., anticyclone) and associated clear skies is a trigger for migraines. However, the differences in ED visits between these two pressure changes were not statistically significant. Moreover, the results from the correlation analysis found that as the magnitude of the pressure change increased (irrespective of the direction of pressure change), the frequency of ED visits for migraine decreased. This contradicts the hypothesis that intensifying pressure changes are a trigger for migraines. Future research should examine additional subtypes of the transitional air mass category, as in Hondula and Davis (2011) , to determine if other characteristics of frontal passages (e.g., changes in humidity, wind direction) exhibit a stronger association with migraine frequency.
It is important to address some of the limitations of this study. First, using ED visits to examine migraine frequency likely excluded less serious and debilitating migraine occurrences, thereby underestimating the overall health burden of migraine headaches. Another limitation is the choice of assessing pressure changes as the difference between the 4 a.m. and 10 p.m. LST observations, even though the SSC uses this period to identify transitional air mass days. In fact, barometric pressure often changes multiple times at a single location, particularly over time periods of the length examined in this study. Future research on migraine frequency may wish to examine relationships with pressure changes on smaller (i.e., inter-hourly) time scales. Bootstrap testing of day-of-week trends in migraine ED visits indicates that some statistically significant differences do exist. Specifically, the number of visits on Fridays, Saturdays, and Sundays were lower than those on all other days. Different approaches could be taken with regard to standardizing the findings of this research. One approach could be to limit the study to Monday-Thursday, but doing so would further reduce an already small sample size. Nevertheless, standardizing based on these results may not be necessary, because air mass types do not vary as a function of the day of the week.
While this study focused on the relationship between migraines and air mass type from the Triangle region of North Carolina, similar research should be conducted for different areas so that regional comparisons can be made. Future work may also wish to address how the seasonality of air mass types affects migraine frequency. For example, the relationship between migraines and maritime tropical air masses in summer may be different than those in winter. Lastly, future research on lag relationships may wish to examine cumulative frequencies of certain air masses preceding a migraine, as cumulative exposure to adverse weather conditions is often a determining factor in the occurrence of negative health outcomes (e.g., extended periods of poor air quality and high temperatures leading to respiratory illness and heat stroke).
Conclusions
Migraines and other forms of headache affect millions of individuals around the world. As the symptoms associated with migraines are often debilitating, it is necessary to understand the range of triggering mechanisms. While some research, as well as anecdotal evidence, has identified weather a possible mechanism, a physically based relationship has yet to be determined. Most studies have examined individual weather variables to determine how weather may impact migraine frequency. However, the results of these studies fail to establish robust relationships. Other studies that examine specific weather patterns and events (e.g., chinook winds) have found more robust relationships with migraine frequency. Therefore, this study employed an air mass approach to examine the influence of multiple weather variables and large-scale weather features on the incidence of migraine headaches across a three-county area in central North Carolina from 2007 to 2013. We found statistically significant differences in ED migraine visits between air mass types. Tropical (i.e., warmer) air masses generally resulted in the highest frequency of ED visits, while polar (i.e., colder) air masses resulted in the lowest frequency. The number of ED visits for migraine was greater 1 to 5 days after a tropical air mass than after a polar air mass. Additionally, a greater number of ED visits were found on transitional days with pressure increases than on days with pressure decreases, whereas the magnitude of the pressure change on these days was not a predictor of migraines. While this work sheds some light on how different air mass types impact migraine frequency, it mainly serves as a foundation for future research on this topic. The relationships in this study could be used to help both migraineurs and public health officials. Those who suffer from migraines, especially in the study area, may consider air mass type when determining the likelihood of migraine headaches, while public health officials may use this information to advise sufferers on when to take preventative measures. Fig. 8 a One-, b 2-, c 3-, d 4- , and e 5-day lag bootstrap confidence intervals of the mean number of migraine ED visits from the entire study area for each air mass from 2007 to 2013
